Two Saccharomyces cerevisiae yeast mutants, cycl-73 and cycl-190, contain nonfunctional and presumably unstable forms of iso-l-cytochrome c due to Gly-34 --Ser and His-38 -* Pro replacements, respectively. Second-site reversions that produced Asn-57 -Ile replacements at least partially restored function, presumably by alleviating the instability of these two altered iso-1-cytochromes c. Introduction ofthe Ile-57 replacement by site-directed inutagenesis in an otherwise normal protein resulted in a 17C increase in the transition temperature (Tm), corresponding to over a 2-fold increase in the free energy change (AG) for thermal unfolding. 
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The native conformation and stability of cytochrome c are determined. by numerous noncovalent interactions between the polypeptide chain residues and between the amino acids and the covalently bound hemne group. Thus, individual amino acid residues each contribute to the overall stability of the protein. Evolutionary selection presumably optimizes protein structure with respect to function and stability so that "random" amino acid replacements generally are neutral or detrimental. However, certain amino acid replacements at specific sites can enhance stability. While general methods for stabilizing proteins are not yet known, genetic selection and screening (1) (2) (3) (4) (5) and rational approaches (6) (7) (8) (9) (10) (11) (12) (13) (14) have resulted in producing mutant proteins with slightly increased stability. We have combined genetic selection with oligonucleotide-directed mutagenesis to produce an altered iso-1-cytochrome c with an unusually large increase in thermal stability. Reversion of two missense mutants resulted in second-site replacements of functional variant constructed by site-directed mutagenesis as described below. The genetic techniques and the media used with the cycl mutants, including procedures for mutagenic treatments, reversion, and testing of revertants, have been described earlier (15, 16) . The change of Asn-57 to Ile in iso-1-cytochrome c was accomplished by the site-directed mutagenesis method of Kunkel et al. (17) . Escherichia coli strain BW313 (dut ung thi-J relA spoTI/F'lysA) (18) Fig. 1) . Thus, the Ile-57 replacement appears to stabilize both the Ser-34 and Pr6-38 iso-1-cytochrome c even though there are no obvious interactions between the residues at position 57 and those at 34 and 38 (27) .
The Ile-57 Protein. Because the Ile-57 second-site replacement served as a "global" suppressor (2) for two different missense mutations, we decided to construct and investigate an iso-1-cytochrome c having only an Asn-57 -> Ile replacement. The mutation, CYC1-811, was constructed in vitro by site-directed mutagenesis, and properties of the corresponding yeast strain were examined. Low-temperature (-196°C) spectroscopic examination indicated that the level of iso-1-cytochrome c in the Ile-57 strain was normal, whereas growth on lactate medium indicated that the function of the iso-1-cytochrome c was normal or near normal in vivo. The [Ile57]iso-1-cytochrome c was isolated and its -SCH3 derivative was prepared for stability studies. Modification of Cys-107 with methyl methanethiosulfonate prevents dimerization that occurs by disulfide linkage and allows the examination of thermal unfolding without this additional complexity (22, 23) . Thermal denaturation results are presented in Fig. 2 Table 1 . AG' at 25°C
for [Ile57]Cyt-SCH3 (8.0 kcal/mol), given in Table 2 , is over (15, 25) reported that replacement of Gly-34 in iso-1-cytochrome c with Ser, Asn, or Asp caused instability in vitro, as inferred from lability during extractions, and caused diminished function in vivo, as measured by less growth in lactate medium. The loss of function by the replacements of Gly-34 was attributed to the inability of the protein to accommodate a side chain larger than the glycine proton, thereby altering the bond angles at position 34 (15, 25) . Similarly, iso-1-cytochromes c are functional with the The forces which stabilize proteins act simultaneously on every residue, resulting in a small net stabilization. Because only total protein thermodynamics can be measured, the contribution of single amino acids to overall protein stability is not easily evaluated. Thus, prediction of the effect of amino acid substitutions on stability and the choice of residues for alteration to obtain maximal thermostability are, at present, difficult tasks. The data reported here show that genetic selection can uncover potentially significant stabilizing residues. Alteration of such sites by themselves can be profitably undertaken to obtain thermostable proteins.
Many proteins exhibit decreased stability after alteration of individual residues (23, 28) . Some of the previous approaches used to obtain thermostable proteins are as follows: (i) introduction of disulfide bonds (9, 11, 13) , (ii) exploitation of the difference in configurational backbone entropy between native and denatured states (14, 29) , and (iii) alteration of specific residues to increase a-helical stability (7, 8, 30 (14) , the amino-terminal domain of the bacteriophage A repressor (8, 31) , the serine protease subtilisin (5), or the a subunit of tryptophan synthase (32) .
Asn-57 is located within a short helical segment. Between the amide group of Asn-57 and the heme propionate side chain a water molecule forms a bridge by two hydrogen bonds (27) ; replacement of Asn-57 with Ile abolishes this side-chain hydrogen-bond interaction. Although the data are insufficient to reveal the reasons for this dramatic thermostabilization, one reasonable explanation may be that Asn-57, a helixbreaking residue, is replaced by Ile, a helix-forming residue (33) . The amino acids that can arise from Asn-57 by single base-pair substitutions include Tyr, Ser, Thr, Asp, Ile, Lys, and His; of these, Ile, Lys, and His are clearly better helix formers than Asn (33) . In addition, of these three replacements, Ile is the one most frequently found in the middle of an a-helix (34) 
